In Drosophila, dorsal-ventral polarity is determined by a maternally encoded signal transduction pathway that culminates in the graded nuclear localization of the Rel protein, Dorsal. Dorsal is retained in the cytoplasm by the IB protein, Cactus. Signal-dependent phosphorylation of Cactus results in the degradation of Cactus and the nuclear targeting of Dorsal. We present an in-depth study of the functional importance of Dorsal phosphorylation. We find that Dorsal is phosphorylated by the ventral signal while associated with Cactus, and that Dorsal phosphorylation is essential for its nuclear import. In vivo phospholabeling of Dorsal is limited to serine residues in both ovaries and early embryos. A protein bearing mutations in six conserved serines abolishes Dorsal activity, is constitutively cytoplasmic, and appears to eliminate Dorsal phosphorylation, but still interacts with Cactus. Two individual serine-to-alanine mutations produce unexpected results. In a wild-type signaling background, a mutation in the highly conserved PKA site (S312) produces only a weak loss-of-function; however, it completely destabilizes the protein in a cactus mutant background. Significantly, the phosphorylation of another completely conserved serine (S317) regulates the high level of nuclear import found in ventral cells. We conclude that the formation of a wild-type Dorsal nuclear gradient requires the phosphorylation of both Cactus and Dorsal. The strong conservation of the serines suggests that phosphorylation of other Rel proteins is essential for their proper nuclear targeting.
Members of the Rel family of transcription factors participate in a wide array of biological processes including vertebrate antibody synthesis, innate immunity, inflammatory responses, and limb development (Siebenlist et al. 1994; Verma et al. 1995; Bushdid et al. 1998; Kanegae et al. 1998) , as well as Drosophila immunity and dorsalventral patterning (for review, see Drier and Steward 1997) . Rel proteins share a highly related 300-amino-acid amino-terminal Rel homology region (RHR). They are retained in the cytoplasm through direct interaction with IB proteins (Sen and Baltimore 1986; Baeuerle and Baltimore 1988 ; for review, see Whiteside and Isreal 1997) . In response to activating signals, Rel proteins are released from this interaction, enabling their translocation to the nucleus.
Systematic genetic screens have identified 12 maternal effect genes required to establish the dorsal-ventral axis of Drosophila embryos (Anderson and Nü sslein-Volhard 1984; Schü pbach and Wieschaus 1989) . Molecular analyses and genetic epistasis experiments have established that the products of these genes comprise a signaltransduction pathway whose end result is the formation of a ventral-to-dorsal nuclear gradient of the Rel protein, Dorsal (Steward 1989 ; for review, see Morisato and Anderson 1995; Drier and Steward 1997) . Ten of the identified genes encode products that positively regulate the nuclear import of Dorsal (Roth et al. 1989; Rushlow et al. 1989; Steward 1989) . The product of the last gene, cactus, is an IB protein that interacts with Dorsal to retain Dorsal in the cytoplasm (Roth et al. 1991; Geisler et al. 1992; Kidd 1992) .
Beside Cactus and Dorsal, two other components of the intracellular dorsal-ventral pathway are homologous to proteins implicated in vertebrate Rel systems. Toll, a transmembrane protein homologous to hToll and the IL-1 receptor cytoplasmic domain, functions to receive and transduce an extracellular signal (Hashimoto et al. 1988; Schneider et al. 1991; Medzhitov et al. 1997) . The products of the tube and pelle genes relay this signal from Toll to the cytoplasmic Dorsal-Cactus complex (Hecht and Anderson 1993) . The Tube protein is novel, but Pelle is a serine/threonine kinase homologous to IRAK, a kinase found to rapidly associate with the intra-cellular domain of the IL-1 receptor upon ligand binding (Letsou et al. 1991; Shelton and Wasserman 1993; Cao et al. 1996) .
Cactus activity is regulated by both signal-independent and signal-dependent processes that target it for degradation (Belvin et al. 1995) . In dorsal protein-null backgrounds, no Cactus is present as a result of the signal-independent process, which acts to degrade free Cactus and achieve a dynamic equilibrium between Dorsal and Cactus (Govind et al. 1993) . The signal-dependent degradation of Cactus involves serine phosphorylation events in the amino-terminal region analogous to those controlling IB-␣ (Brown et al. 1995; Reach et al. 1996) . Thus, the dorsal-ventral signal transduction pathway functions, at least in part, to regulate the degradation of Cactus. However, a weak nuclear gradient of Dorsal exists in the complete absence of Cactus activity, indicating that the signal also acts directly through Dorsal to regulate its nuclear uptake (Bergmann et al. 1996) .
In addition to the IB modification, RelA (p65), c-Rel, and Dorsal are also phosphorylated in response to signaling (Whalen and Steward 1993; Gillespie and Wasserman 1994; Li et al. 1994; Naumann and Scheidereit 1994) . Constitutively active alleles of Toll, and loss-of-function cactus alleles, cause Dorsal to translocate to all nuclei along the dorsal-ventral axis (Roth et al. 1989; Steward 1989) . A hyperphosphorylated form of Dorsal predominates in both of these genetic backgrounds. When the signal transduction pathway is disrupted, Dorsal remains cytoplasmic, and the hyperphosphorylated form of Dorsal is absent (Whalen et al. 1993; Gillespie et al. 1994) .
Genetic experiments indicate that Dorsal nuclear translocation is regulated on two levels (Roth et al. 1991; Govind et al. 1993) . Both require the dissociation of the Dorsal-Cactus complex. Free Dorsal achieves the first, basal level of nuclear translocation normally attained in lateral cells. This import does not require the signal because it is observed in embryos from mothers simultaneously mutant for the signal as well as cactus. The second level of nuclear translocation is signal dependent, and requires additional events to achieve the higher concentrations of nuclear Dorsal normally seen in ventral cells.
We studied the role of Dorsal phosphorylation in the regulation of its activity by determining on which amino acid Dorsal is phosphorylated, and complemented this work by in vivo functional analysis of mutations in potentially phosphorylated amino acids. We find that Dorsal is subject to signal-dependent phosphorylation while associated with Cactus in the cytoplasm. In vivo labeling indicates that Dorsal phosphorylation is restricted to serine residues in both ovaries and early embryos. We made serine-to-alanine mutations in conserved serines within the RHR of Dorsal and measured their in vivo effects using transgenic flies. The transgenes were controlled by a dorsal genomic promoter fragment that conferred lineindependent expression identical to endogenous dorsal alleles. A mutant simultaneously altering six highly conserved serines within the RHR (6XS-A-Dorsal) abolishes Dorsal activity, resulting in completely dorsalized embryos. This mutant protein is stable, constitutively cytoplasmic, and it eliminates all measurable Dorsal phosphorylation; however, it retains its ability to bind Cactus normally and, thus, is not severely misfolded. These results indicate that Dorsal phosphorylation is essential for its nuclear localization.
When each of the serines is changed individually to alanine, we find that one mutation (S79A), that disrupts a predicted casein kinase II site, does not affect the function of Dorsal, whereas the remaining five serine-to-alanine mutants measurably alter Dorsal activity. Three (S70A, S103A, and S213A) have indistinguishable weak loss-of-function effects. A mutation in the highly conserved and well-studied putative protein kinase A (PKA) site (S312A) shows a similar weak loss-of-function phenotype that is temperature sensitive. In contrast to all other serine-to-alanine mutations, this mutant protein is destabilized in the absence of Cactus.
Most importantly, we find that a mutation of S317A significantly reduces the function of Dorsal, as measured by both embryonic phenotype and nuclear localization. The hyperphosphorylated form of Dorsal is also missing in this mutant. Taken together, these data indicate that S317 is the target of the signal-dependent phosphorylation of Dorsal that occurs in the early embryo, and that phosphorylation on this serine is required for the increased Dorsal nuclear import seen in ventral cells. This serine is absolutely conserved in all Rel proteins, and thus we propose that it serves a similar function in the other Rel family members.
Results

Dorsal is subject to signal-dependent phosphorylation while associated with Cactus in the cytoplasm
To determine in which cellular compartment the signaldependent Dorsal phosphorylation occurs, we constructed a constitutively cytoplasmic Dorsal protein by deleting its nuclear localization sequence (⌬NLS). We measured the effects of this mutation on Dorsal function, using a dorsal minigene that results in highly reproducible expression of dorsal transgenes at levels indistinguishable from the endogenous locus (Table 1 ; Materials and Methods). The ⌬NLS-dorsal minigene was crossed into a dorsal-null background, and thus encodes the only source of Dorsal protein for the developing embryos. We monitored the phenotype, subcellular localization, and phosphoform distribution of this mutant protein in embryos from such transgenic females. The ⌬NLS-dorsal transgene produces embryos that show a severely dorsalized phenotype, and the protein is found exclusively in the cytoplasm at the blastoderm stage (Govind et al. 1996) . Wild-type Dorsal forms a ventralto-dorsal nuclear gradient at this stage [see Fig. 6 below, wild type (WT), for an example]. Analysis by Western blot reveals that the ⌬NLS-Dorsal protein from 0-3 hr embryos shows the same phosphoform distribution as wild-type Dorsal (Fig. 1A) .
To determine whether Dorsal is phosphorylated before or after dissociating from Cactus, we used a cactus allele (cactus BQ ) encoding a protein that is recalcitrant to the signal. This mutant Cactus protein lacks the phosphorylation sites that target it for signal-dependent degradation and results in completely dorsalized embryos in which Dorsal is found exclusively in the cytoplasm, even in the presence of constitutive signaling (Roth et al. 1991; Bergmann et al. 1996) . In this mutant background, we find that the hyperphosphorylated form of Dorsal is also clearly present (Fig. 1B) . Taken together, these results show that a signal-dependent phosphorylation of Dorsal occurs in the cytoplasm while it is associated with Cactus. However, these results do not rule out the absence of additional phosphorylation events beyond the resolution of this technique (see Discussion).
In vivo phospholabeling of Dorsal is restricted to serine residues
Using phosphoamino acid analysis, we investigated whether the phosphorylation of Dorsal occurs on serine, threonine, or tyrosine residues. We labeled dissected ovaries by incubating them for 3 hr in a phosphate-free insect cell culture medium to which [ 32 P]orthophosphate was added. Embryonic labeling was done by direct injection of cleavage stage embryos with [ 32 P]orthophosphate followed by the extraction of the embryonic contents after ∼2 hr (at the cellular blastoderm stage, see Materials and Methods). Labeled Dorsal was isolated by immunoprecipitation with antibodies directed against Dorsal. The immunoprecipitates from wild-type extracts contain two prominent labeled bands that run at molecular weights that agree with Dorsal and Cactus ( Fig.  2A) . These bands are missing from parallel labelings of ovaries and embryos from females bearing protein-null mutations of dorsal ( Fig. 2A) , although these controls contained a similar level of 32 P incorporation into total protein (data not shown).
Phosphoamino acid analysis of a total acid-hydrolysate of Dorsal from both ovaries and embryos shows that labeling is restricted to serine residues, with no detectable incorporation into either tyrosine or threonine (Fig.  2B) . The phosphoamino acid analysis of the labeled Cac- We expressed the respective transgenes under the regulation of ∼4.5 kb of genomic DNA from the dorsal locus, which was immediately 5Ј to the transcription unit (see Materials and Methods). We established three to four independent lines for each mutant and measured their ability to fully complement and phenotypically rescue the dorsal-null background. These results are taken from a single representative line from each construct, but transgenes under this regulation exhibit line-independent levels of expression; both phenotypes and hatch rates from individual lines of the same construct were indistinguishable (data not shown). The only variation we observed was an occasional line that showed no expression, presumably because of incorporation into heterochromatin. ( b All mutant transgenes were tested for temperature sensitivity, but only S312A was affected (see text). c Classification of cuticle phenotypes is after Roth et al. (1991) . (See Figs. 4 and 6 for photographs of representative cuticle phenotypes and Dorsal distribution.) tus shows that it too is labeled exclusively on serine (data not shown). Serine phosphorylation has been shown to be important for dissociation of the DorsalCactus complex (Reach et al. 1996) ; however, it is not clear what role is played by the phosphorylation of Cactus in the complex.
A 6X serine-to-alanine mutation abolishes Dorsal activity
A Dorsal RHR-LacZ fusion protein produces a gradient in early embryos, demonstrating that the RHR contains all the regions necessary for nuclear targeting. This observation along with other work shows that the RHR contains sequences essential for dimerization, DNA binding; Cactus, Tube, and Pelle interaction; and signaldependent nuclear translocation Govind et al. 1996; Edwards et al. 1997; Yang and Steward 1997) . As the labeling of Dorsal is limited to serine, we focused on six serines within the RHR that show strong conservation within the Rel family ( Fig. 3 ; Materials and Methods). To eliminate phosphorylation of these serines, a mutant changing all six serines to alanine was made by site-directed mutagenesis (6XS-A-Dorsal) and transgenic lines expressing this mutant protein were established.
We crossed the 6XS-A-dorsal minigene into the dorsal-null background. The 6XS-A mutant fails to rescue (Table 1 ; Fig. 4C ), and the embryonic phenotype is indistinguishable from the dorsal-null controls (Table 1; Fig.  4B ), whereas one copy of the wild-type dorsal minigene functions in the dorsal-null background to the same degree as an endogenous wild-type allele (Table 1 ; Fig. 4A ). This result demonstrates that the 6XS-A mutation abolishes Dorsal function.
6XS-A-Dorsal is constitutively cytoplasmic
The complete loss of function of the 6XS-A-Dorsal could either be due to a defect in nuclear targeting, or to the elimination of Dorsal's transcriptional activity. To distinguish between these two possibilities, we stained early embryos using anti-Dorsal antibodies. Figure 4D shows that 6XS-A-Dorsal protein is clearly present but Figure 2 . In vivo phospholabeling of Dorsal is limited to serine residues. (A) SDS-PAGE of labeled Dorsal from both ovaries (left) and early embryos (right). Extracts were made from labeled ovaries and embryos (see Materials and Methods). Dorsal was immunoprecipitated with pooled anti-Dorsal monoclonal antibodies that were conjugated to protein A-Sepharose beads. Parallel labelings and immunoprecipitations were done on ovaries and embryos from mothers bearing protein-null mutations in dorsal. These dorsal-null labelings had a similar level of total protein phosphorylation (data not shown). (B) Phosphoamino acid analysis of ovarian (left) and embryonic (right) Dorsal. The labeled Dorsal from A was transferred to Immobilon-P membrane and subjected to total hydrolysis in 5.7 N HCl (see Materials and Methods). The hydrolysates were separated by TLC. The ellipses indicate the locations of the ninhydrin-stained PThr and P-Tyr. ) Mothers bear a dominant allele of the gene encoding the transmembrane receptor Toll, which results in constitutive signaling and causes Dorsal to translocate to all nuclei along the dorsal-ventral axis at a high, uniform level (Roth et al. 1989; Steward 1989) . (⌬NLS) Mothers bear one copy of the ⌬NLS-dorsal mutant minigene in an otherwise dorsal protein-null mutant background. (gd 8 ) Mothers are homozygous for gd 8 that completely disrupts signaling and causes Dorsal to remain cytoplasmic along the entire dorsal-ventral axis (Roth et al. 1989; Steward 1989 . cact BQ is an allele of cactus that is completely recalcitrant to the ventral signal and thus constitutively maintains Dorsal in the cytoplasm (Bergmann et al. 1996) . cact E10RN1 is a null allele of cactus (Roth et al. 1991 remains cytoplasmic, indicating that it fails to respond to signals regulating Dorsal nuclear translocation. In the negative control, no Dorsal is detected in the dorsalmutant background without a dorsal transgene (see Fig.  6 below, dl-null), whereas a wild-type dorsal minigene produces a normal nuclear gradient (see Fig. 6 below, WT).
To test whether the 6XS-A mutant fails to dissociate from Cactus, or when free, remains unable to undergo nuclear translocation, we crossed the mutant transgene into a cactus A2 , dorsal-null background. Embryos from these mutant mothers are completely dorsalized (identical to Fig. 4C ; data not shown), and 6XS-A-Dorsal remains cytoplasmic (identical to Fig. 4D ; data not shown). We further tested whether the 6XS-A protein responds to enhanced signaling as it occurs in a constitutively active allele of Toll, that causes wild-type Dorsal to translocate to nuclei at ventral levels along the entire dorsal-ventral axis. Embryos from Toll 10b females relying exclusively on the 6XS-A protein for Dorsal activity are also completely dorsalized and the protein remains cytoplasmic (as in Figs. 4C,D; data not shown).
The 6XS-A protein eliminates Dorsal phosphorylation
The distribution of Dorsal phosphoforms can be monitored by Western blots of low-bis acrylamide gels (see Materials and Methods; Whalen et al. 1993; Gillespie et al. 1994) . A low-bis Western blot shows that although the levels of the 6XS-A protein are comparable with wild type, the phosphoform distribution is clearly altered (Fig.  5A) . The 6XS-A protein always migrates as a single band, whereas the wild-type form of Dorsal typically migrates as three to five distinct isoforms on these gels. The 6XS-A protein comigrates with bacterially expressed Dorsal and the most rapidly migrating of the wild-type Dorsal isoform. The 6XS-A protein band also coincides with the embryonic Dorsal protein subjected to dephosphorylation (WT de-P). The 6XS-A protein from ovaries has the same mobility as the embryonic (Fig. 5A , ovaries). These results indicate that the 6XS-A mutation eliminates Dorsal phosphorylation during oogenesis as well as embryogenesis.
To assess the structural integrity of the 6XS-A protein, we tested its ability to interact with Cactus. We took advantage of the fact that Dorsal is required to stabilize Cactus in the early embryo (Whalen et al. 1993; Belvin et al. 1995) , suggested by the observation that in a dorsalnull background, Cactus cannot be detected by Western analysis (Fig. 5B, dl-null) . However, Cactus is present at levels comparable with the wild-type control in embryos containing the 6XS-A mutant as the only Dorsal protein available (Fig. 5B, 6XS-A) . This observation demonstrates that, like wild-type Dorsal, the 6XS-A protein is able to interact with Cactus, indicating that these mutations do not cause severe disruptions of Dorsal's structure.
Analysis of single serine-to-alanine mutations in a dorsal-null background
To further characterize the importance of Dorsal phosphorylation, we mutated each of the six serines to alanine individually and examined their activity in the dorsal-null background. The S79A-dorsal minigene functions indistinguishably from wild-type dorsal in all our measurements (Table 1) . Four single serine-to-alanine mutants (S70A, S103A, S213A, and S312A) have indistinguishable effects in the dorsal-null background. Table  1 shows that each minigene fails to rescue the dorsalnull background to hatching when present in a single copy but will support a low level of hatching when present in two copies. Embryos from a mother carrying one copy of each minigene in a dorsal null background are weakly dorsalized (S312A-dorsal is shown, Fig. 4E ) and the proteins form qualitatively normal nuclear gradients (S312A-Dorsal is shown, Fig. 4F ; see Fig. 6 , WT, for the wild-type Dorsal gradient), as expected from the hatchrate analysis.
The mutation of serine 317 to alanine (S317A-Dorsal) severely reduced the function of the Dorsal protein. Embryos from females carrying one copy of the S317A-dorsal in a dorsal-null background display a strongly dorsalized phenotype (Table 1; Fig. 4G ), whereas females that carry two copies produce more weakly dorsalized embryos (Table 1 ; Fig. 4H ). Even in two copies, the phenotype of S317A-dorsal is stronger than that of the other mutants in one copy, and they do not hatch.
We determined whether any single serine-to-alanine mutation produced detectable effects on Dorsal phosphoform distribution by low-bis Western blot. Figure 5C shows a representative Western of these mutants. Although all of the mutants produce similar levels of protein, only S317A-Dorsal shows a reproducible change in phosphoform distribution. This mutant completely lacks the hyperphosphorylated form. Interestingly, the phosphoform distribution of S317A-Dorsal looks similar to that of wild-type-Dorsal in a gastrulation defective (gd) mutant background, in which the signal is disrupted (see Fig. 1, gd  8 ). Although we cannot resolve any phosphoform changes in the remaining single phosphorylation-site mutations, the fact that the 6XS-A-Dorsal is not phosphorylated indicates that at least some subset of these other sites represent in vivo targets of phosphorylation that cannot be detected by Western blot.
S312 phosphorylation is required to stabilize Dorsal in the absence of Cactus
In an attempt to determine whether the loss-of-function phenotypes observed in the S-A mutations is due to their failure to target normally to the nucleus, or to the lossof-function as a transcription factor, we crossed each S-A mutation into the cactus A2 , dorsal-null double homozy- In each case, the embryos were from mothers bearing two copies of the respective transgenes. The subtle changes in phosphoform distribution between each serine-to-alanine mutant are somewhat variable. The S317A mutant differs consistently from both wild type and the other mutants.
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Cold Spring Harbor Laboratory Press on December 21, 2017 -Published by genesdev.cshlp.org Downloaded from gous background. In this background, mothers bearing the wild-type dorsal minigene produce strongly ventralized embryos that do not hatch, and Dorsal is distributed in a dorsally extended gradient (Fig. 7A,C,E) (Roth et al. 1989; Steward 1989) . As expected, S79A-dorsal retains full function and behaves indistinguishably from wildtype dorsal in this background (data not shown). Embryos from S70A-dorsal, S103A-dorsal, and S213A-dorsal mothers also show indistinguishable ventralized phenotypes in this background, similar to that produced by the wild-type dorsal minigene (S70A-dorsal represents this class, Fig. 7G ). These mutant proteins are distributed in a dorsally extended nuclear gradient in blastoderm stage embryos, qualitatively indistinguishable to that observed in the wild-type control ( Fig. 7 ; cf. C with I). In contrast, mothers bearing the S312A-dorsal minigene give rise to severely dorsalized embryos (D1, Fig.  7H ). This surprising result is explained by the S312A-Dorsal staining in blastoderm stage embryos. We find that this protein is unstable in the cactus A2 , dorsal-null background; virtually no protein is detected (Fig. 7 , cf. J: S312A-Dorsal with C: wild-type Dorsal and I: S70A-Dorsal).
Signal-dependent phosphorylation of S317 regulates Dorsal nuclear import
The Western analysis combined with the phenotypic consequences of the S317A mutation show that S317 is phosphorylated in the embryo and that this phosphorylation is critical for Dorsal function. Therefore, we did a detailed analysis of the distribution of this mutant protein. Mutant blastoderm stage embryos stained with anti-Dorsal antibody show a clear and reproducable reduction of the level of nuclear protein (Fig. 6 ). This observation is supported by both whole mounts and cross sections of stained blastoderm stage embryos, in which the amount of nuclear S317A-Dorsal is significantly lower than that observed in wild-type embryos (Fig. 6 , cf. WT and S317A, whole mount and cross section).
The strongly dorsalized phenotype observed in S317A embryos is also seen in embryos from females with lossof-function mutations in genes that are part of the dorsal-ventral signaling pathway. Toll encodes the transmembrane receptor of the pathway and embryos from mothers bearing a hypomorphic allele of Toll (Toll r444 ) over a deletion show, at restrictive temperature, a phenotype indistinguishable from that of one copy of the S317A-dorsal (Schneider et al. 1991) . The reduction of Toll activity in Toll r444 results in a low level of nuclear import of Dorsal and the embryos show only a restricted Dorsal nuclear gradient in blastoderm stage embryos, similar to that observed in embryos from S317A-dorsal females (Fig. 6 , cf. S317A and Tl r444 to each other and WT, whole mount and cross section). These results indicate that S317A-Dorsal is unable to respond properly to the ventral signal.
For Dorsal to target to the nucleus, the protein must first be freed from its interaction with Cactus. To determine whether the nuclear localization defect of S317A-Dorsal is due to a failure to dissociate from Cactus, we compared its function and distribution with wild-type Dorsal in a cactus mutant background. In distinct contrast to the other single serine-to-alanine mutants and the wild-type dorsal minigene, cactus A2 , dorsal-null females bearing the S317A-dorsal mutant transgene give rise to lateralized, rather than ventralized, embryos (Fig.  7, cf. B with A and G). Analysis of Dorsal protein distribution in these embryos is in complete agreement with these cuticle phenotypes. S317A-Dorsal targets to the nuclei along the entire dorsal-ventral axis but does so at a uniform and low level, equivalent to that observed in lateral nuclei in a wild-type embryo ( Fig. 7D and F , whole mount and cross section, respectively). In contrast, the wild-type Dorsal protein produces a gradient that is extended dorsally (Fig. 7C and E, whole mount and cross section, respectively) (Roth et al. 1989; Steward 1989) . Because its resulting phenotype and protein distribution are clearly different in the cactus A2 background compared with a wild-type cactus background, the defect of S317A-Dorsal is not the result of a failure to dissociate normally from Cactus. Thus, S317A-Dorsal is unique among our putative phosphorylation mutants: Although it is able to target to nuclei at a basal, lateral level, it clearly does not translocate at levels normally seen in ventral nuclei. These results strongly suggest that it lacks the ability to appropriately respond to the ventral signal.
Discussion
Cytoplasmic Dorsal phosphorylation and the ventral signal
We have explored the relationship between Dorsal phosphorylation and its regulated nuclear import. Previous work has shown that Dorsal is multiply phosphorylated and that the hyperphosphorylated form correlates with its nuclear import (Whalen et al. 1993; Gillespie et al. 1994 ). However, it was not clear whether this phosphorylation was a cause, or effect, of Dorsal import.
We show that the cytoplasmically localized ⌬NLS-Dorsal mutant is subject to signal-dependent phosphorylation. We further show that wild-type Dorsal, maintained in the cytoplasm by a mutant Cactus protein that is recalcitrant to the signal (Cactus BQ ), is also subject to this same phosphorylation. These results show that a signal-dependent Dorsal phosphorylation occurs in the cytoplasm, whereas Dorsal is bound to Cactus. Gillespie and Wasserman (1994) monitored Dorsal phosphorylation in a double-mutant background, which disrupts both the signal and Cactus (signal-null, cactus A2 ). In this background, Dorsal translocates to nuclei at a uniform, lateral level along the entire dorsal-ventral axis. The resulting embryos are lateralized rather than ventralized, further indicating a direct effect of the ventral signal on Dorsal nuclear import (Roth et al. 1991) . Interestingly, they found that the hyperphosphorylated form of Dorsal is present in this background, but it is less abundant than in the presence of the signal (Gillespie et al. 1994) . This hyperphosphorylated form is missing in a signal-null, cactus wild-type background. The presence of this phosphoform in the absence of the signal is only consistent with a model in which a constitutively active kinase modifies Dorsal but only when it is dissociated from Cactus.
When combined with our current results, it is likely that the slowest migrating Dorsal band actually contains more than one Dorsal phosphoform. One form represents the signal-dependent phosphorylation of Dorsal in the cytoplasm, while bound to Cactus. The other form represents the activity of a constitutive kinase that targets free Dorsal. This constitutive kinase could function in the cytoplasm or in the nucleus. Both the ⌬NLS-Dorsal and the Dorsal bound to Cactus BQ apparently contain
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Phosphorylation of S317 controls Dorsal nuclear import
Our in vivo labeling shows that detectable phosphorylation of Dorsal in both ovaries and embryos is limited to serine residues. The 6XS-A-Dorsal protein migrates as a single band on Western blots, which comigrates with dephosphorylated Dorsal. The lack of phosphorylation of this mutant is unlikely the result of gross structural defects, because this protein retains its Cactus-binding activity. Thus, we infer that 6XS-A-Dorsal is mutant at in vivo phosphorylation sites, and that this mutant is defective in most, if not all, Dorsal phosphorylation. Although all but one (S79A) of the single serine-to-alanine mutants have measurable effects on Dorsal activity, only S317A-Dorsal produces a measurable effect on Dorsal phosphorylation (see Fig. 5 ).
We have shown that S317A-Dorsal is unique among our single serine-to-alanine mutations in three respects: First, it clearly alters the phosphoform distribution of Dorsal, and is notably missing the hyperphosphorylated form; second, it significantly reduces the nuclear targeting of Dorsal in a dorsal-null background; and finally, in a cactus A2 , dorsal-null background, it gives rise to lateralized rather than ventralized embryos, and undergoes nuclear import at uniform low levels rather than forming a dorsally extended nuclear gradient. We emphasize that these conclusions are based on Dorsal phosphoform distributions on Western blots, as well as embryonic phenotypes and protein localization in antibody stained embryos. In all cases, the embryonic cuticular phenotype is in complete agreement with the results obtained from embryo stainings.
The S317A mutation does not eliminate Dorsal nuclear import, as is observed in a signal-null background. There is a fundamental difference in these two situations: In a signal-null background, neither Cactus nor Dorsal are modified, whereas in the S317A mutant, Cactus modification and degradation is likely to proceed normally, but Dorsal does not respond to the signal. The phenotype and Dorsal protein distribution observed from the S317A mutant in the cactus A2 , dorsal-null background are similar to those observed for wild-type Dorsal in a mutant background, in which both cactus and signaling are disrupted (Roth et al. 1991) . In that case, Dorsal does not achieve ventral levels of nuclear import because there is no signal. The S317A mutant results in the same phenotype and protein distibution because it lacks the Dorsal-intrinsic target of the signaling system. Thus, we propose that the hyperphosphorylated form of Dorsal is due to the signal-dependent phosphorylation of S317, and that this modification controls the high level nuclear targeting of Dorsal in ventral cells.
Our results further indicate that the basal level of nuclear import seen in the S317A mutant also requires Dorsal phosphorylation. The 6XS-A completely fails to translocate in response to wild-type or constitutive signaling (Toll 10b ), as well as in backgrounds that substantially reduce Cactus activity (cactus A2 ). The 6XS-A mutant appears to eliminate all Dorsal phosphorylation; but it remains able to interact with Cactus and thus is unlikely to be severely misfolded. In contrast, S317A-Dorsal, which translocates to the nuclei at basal levels, remains subject to the signal-independent phosphorylation, because it still produces several slower running phosphoforms as observed with wild-type Dorsal in the absence of signal. We conclude that signal-independent phosphorylation of Dorsal is essential for the basal level of nuclear import, and that in response to the ventral signal, phosphorylation on S317 results in a normal nuclear gradient.
S312 phosphorylation and Dorsal stability
S312 is the putative phosphoacceptor of a PKA site that is highly conserved within the Rel family. Previous work has implicated S312 phosphorylation in the control of both nuclear localization and transcriptional activity in tissue culture. In transient transfections of Drosophila tissue culture cells, Norris and Manley (1992) showed that Dorsal nuclear transport and transcriptional activity were augmented by cotransfected Toll receptor and/or cotransfected PKA. Briggs et al. (1998) corroborated these results in rat hepatoma cells, and used an in vitro direct binding assay to show that the importin 58/97 complex recognition of the Dorsal NLS was influenced by the integrity of the PKA site. Neither of these studies showed that S312 was actually phosphorylated, nor do we have direct evidence that S312 is phosphorylated in vivo.
All of our work was done with a dorsal minigene that behaves, in all measurements, as a single copy of an endogenous dorsal allele. We find that S312A-Dorsal retains most of its function, and that its distribution appears normal in a dorsal-null background. Notably, Briggs et al. (1998) also found that a S312A-dorsal transgene expressed under the control of the bicoid promoter forms a qualitatively normal nuclear gradient, and supports substantial embryonic dorsal-ventral patterning, approaching the phenotype we observe with the S312A-dorsal minigene. Thus, when measured in vivo, S312 plays a subtle, or perhaps redundant role in regulating Dorsal nuclear import. However, we find that S312 is clearly involved in controlling Dorsal stability. This function is best revealed in the cactus A2 , dorsal-null background, in which the S312A-Dorsal results in completely dorsalized embryos and almost no protein is detected (Fig. 7J) . Interestingly, an EMS allele, dorsal PZ , maps to the PKA and shows a similar dorsal loss-offunction phenotype in a cactus A2 background (Isoda et al. 1992) . In dorsal PZ , the serine remains intact, and an adjacent arginine is changed to a histidine (R310H). This mutant protein can be detected on a Western blot of extracts from embryos raised at 18°C, but the protein is destabilized in embryos raised at 25°C. We tested each of our serine-to-alanine mutants for temperature sensitivity and only S312A-Dorsal improves at 18°C (Table 1) . Hence, the weak loss-of-function phenotype of S312A-Dorsal observed in the dorsal-null background may also be due to a reduction in the stability of the protein.
Phosphorylation of the corresponding serine in NF-B p65 was shown to be involved in stimulating transcription and regulating the association of NF-B p65 with a coactivator CBP/p300 (Zhong et al. 1998) . Our results are not inconsistent with these findings; they suggest that phosphorylation of the PKA site does not control specific functions of the Rel protein, rather that the PKA site is essential for the stability of the proteins. Although our in vivo assay is highly sensitive to levels of active Dorsal protein, the results in tissue culture were obtained in transient assays, in which instability of the protein would be more difficult to detect. It is also possible that the S312A mutation behaves differently in vivo than in tissue culture.
The fact that the stability of S312A-Dorsal is much more strongly affected when Cactus is missing suggests that on dissociation of Dorsal from Cactus, it is stabilized by the interaction with Tube or Pelle (Edwards et al. 1997; Yang et al. 1997) , or by interaction with a protein that controls the nuclear import of Dorsal. Whereas S312A-Dorsal is unstable in the absence of Cactus, the nonphosphorylated 6XS-A protein is present in the same background. This apparent contradiction can only be explained by a requirement of phosphorylation on at least one of the remaining serines for the degradation of Dorsal.
Dorsal phosphorylation and transcriptional activity
Dorsal can both activate and repress transcription (Jiang et al. 1991 (Jiang et al. , 1993 Kirov et al. 1993) . We monitored the expression of snail, which is activated, and dpp, which is repressed by Dorsal, in wild-type and the serine-to-alanine mutant backgrounds to determine whether any mutant produced a specific effect on Dorsal's activation or repression functions. We found a change of expression of both genes commensurate with the loss-of-function phenotype of each serine-to-alanine mutation, and in no case did any mutant clearly show a preferential affect on either activation or repression of these target genes (results not shown).
Although the expression of twist and snail does not overlap with that of decapentaplegic (dpp) along the dorsal-ventral axis in the main body of the embryo, all three genes are activated at the embryonic termini. The Dorsal nuclear gradient extends around each terminus and thus its repressor function must be countered to achieve the polar expression of dpp. This derepression of dpp requires the activity of the terminal-group RTK signal transduction (Ray et al. 1991) . Two explanations have been proposed for this observation: The terminal-group signaling system may antagonize the repressor function of Dorsal by direct modification of Dorsal, which specifically alters it's ability to interact with its neighboring corepressor(s); alternatively, this regulation could occur by the modification of the corepressor(s) (Rusch and Levine 1994) . Our single serine-to-alanine mutants show normal expression of dpp at the poles (data not shown), indicating that terminal-group-mediated derepression occurs through the modification of the corepressor(s). Groucho has been shown to be key component of Dorsal repression, and thus may prove to be the direct target of the terminal-group signaling system (Dubnicoff et al. 1997) .
Potential kinases involved in Dorsal regulation
Two of the serines that we have changed to alanines are predicted to be phosphorylated by specific kinases. S79 is part of a predicted casein kinase II (CK II) site, and interestingly, this is the only mutant that retains wild-type function, suggesting that if the serine is phosphorylated, the modification is not essential. S312 is part of a PKA recognition site. This site may or may not be phosphorylated, but it is not the target of the signal-dependent phosphorylation that occurs on Dorsal. Rather, if S312 is phosphorylated, the modification may occur already in the ovary, and stabilizes the protein, as discussed above.
We find that a serine (S317) that is not part of any known kinase recognition site is the likely target of the signal-dependent phosphorylation. This raises the question as to what kinase is responsible for the modification. Tube and Pelle are components of the dorsal-ventral signal transduction pathway that function downstream from the Toll receptor. They interact directly with Dorsal, albeit in the amino-terminal domain 1 of the RHR. This interaction represents an essential step in the transduction of the ventral signal (Edwards et al. 1997; Yang et al. 1997) . Pelle is a serine-threonine kinase and may be directly responsible for the phosphorylation of Dorsal. However, as S317 is in domain 2 of the RHR, it is possible that additional kinases, such as the IB kinases, phosphorylate Dorsal and that Pelle controls their activity (DiDonato et al. 1997; Mercurio et al. 1997; Woronicz et al. 1997; Zandi et al. 1997 ).
Dorsal phosphorylation is limited to conserved serine residues within the Rel homology domain
The 6XS-A mutant protein was designed to disrupt phosphorylation events at highly conserved serine residues within the RHR. This protein appears to eliminate all Dorsal phosphorylation. This result suggests that, at least in Dorsal, the function of the carboxy-terminal nonconserved part of the protein is not regulated by phosphorylation. To further rule out phosphorylation on other amino acids in the RHR, we also made mutations in two highly conserved threonine (T85A and T290V), and in one tyrosine (Y324F, see Fig. 3 and Materials and Methods). These mutations produce no measurable effects on Dorsal activity, each behaving indistinguishably from a wild-type dorsal cDNA (see Table 1 ).
The structure of a p50 RHR homodimer bound to a B site has been solved by X-ray crystallography (Ghosh et al. 1995; Muller et al. 1995) . Although the serines we have altered are spread throughout the primary structure of the Dorsal RHR, the corresponding residues are rather close in the tertiary structure of p50. Five of the six serines in the p50 structure are located on the surface of the molecule, accessible for kinase recognition, and reside within the cleft formed between domain 1 and domain 2. S103 is the least conserved of the serines (Q95 in p50) and is buried within domain 1 of the RHR. The position of S312 (S335 in p50) is in close proximity to other amino acids with which it could possibly form hydrogen bonds. The conservation of the serine residues and their location within the p50 structure together imply that the effects of serine phosphorylation will not be limited to Dorsal. We propose that the existing model of the control of nuclear localization of Rel proteins requires amendment: Activation of the Rel pathway in Drosophila and vertebrates results in the phosphorylation of both the IB and the Rel proteins, and that both modifications are essential for the proper nuclear targeting of the Rel protein. (Isoda et al. 1992 ) and cact A2 is the strongest viable allele of cactus. Homozygous cact A2 was used as the cactus minus background (Roth et al. 1991) . Tl 10b is a dominant, constitutively active allele of Toll (Erdelyi and Szabad 1989) and Tl r444 is a temperature-sensitive, hypomorphic allele (Schneider et al. 1991) . Df(3R) ro 80b deletes the Toll locus. gd 8 is a null allele of gd. For general markers, see Lindsley and Zimm (1992) .
Materials and methods
Labeling and immunoprecipitation of Dorsal
Ovaries were dissected from Ore-R females (3-6 days old) in phosphate-free labeling medium (LM) consisting of balanced salt solution (BSS) (Ashburner 1989) supplemented with Grace's amino acids and vitamins (Sigma). One hundred pairs of ovaries were placed into 0.5 ml of fresh LM to which 1 mCi of [ 32 P]orthophosphate was added. Labeling was carried out at room temperature for 3 hr with gentle rocking. Approximately 50%-70% of the total counts were incorporated in the ovaries after this incubation. The labeled ovaries were homogenized on ice in extraction buffer (EB): 20 mM HEPES, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 µM leupeptin, 1 µM pepstatin, 0.3 µM aprotinin, and 50 mM NaF, 2 mM sodium vanadate (pH 7.5). Embryos were labeled by directly injecting (∼1 pl/embryo) [ 32 P]orthophosphate (250 µCi/10 µl of injection buffer) into cleavage stage. After ∼2 hr (at cellular blastoderm), the entire contents of each embryo were extracted with a large bore needle as described previously (Gillespie et al. 1994) .
Extracts from both ovary and embryo labelings were lysed in EB on ice for 30 min and then centrifuged at 13K for 30 min at 4°C to remove insoluble material. Immunoprecipitation was performed as described (Whalen et al. 1993) .
Phosphoamino acid analysis
Immunoprecipitated-labeled proteins separated on acrylamide gels were transferred to Immobilon (Millipore). Labeled Dorsal was identified on the basis of its molecular weight. The appropriate portion of the membrane was cut and the bound protein was subjected to total hydrolysis in 5.7 N HCl (Kamps 1991). Phosphoamino acid analysis of the hydrolysate was done by TLC as described previously (Boyle et al. 1991) . Cold phosphoserine, phosphothreonine, and phosphotyrosine (Sigma) were cospotted with the hydrolysate in sufficient quantities to detect via ninhydrin staining.
Selection of potential phosphorylation sites within the RHR of Dorsal
We confined our alterations to six highly conserved serines within the RHR of Dorsal (see Fig. 3 ). With the exception of S103, the conservation is not limited to the particular serine residues but extends to surrounding residues as well. Only two (S79 and S312) are recognized as consensus sites by the GCG sequence analysis program for identifying kinase recognition sites. S312 is a cAMP-dependent PKA site, and S79 matches a CKII phosphorylation site. To further rule out threonine and tyrosine phosphorylation, we made mutations in two conserved threonine residues (T85A, a Cdc2 site, and T290V, a protein kinase C site) and one conserved tyrosine residue (Y324F, a PI-3 kinase site) that were good matches to kinase-recognition targets.
Construction of mutant transgenes and dorsal minigene
A wild-type dorsal minigene was assembled with the dorsal cDNA fused to ∼4.5 kb of 5Ј-genomic DNA from the dorsal locus in pBSIIKS + and pBSIIKS − (Stratagene). Site-directed mutagenesis was carried out with these plasmids as templates and the appropriate primer (Kunkel 1985 (Kunkel , 1995 . The mutageneses were confirmed by dideoxy sequencing; in each case, the entire RHR was sequenced to confirm the presence of the mutation and rule out extraneous mutation events. The complete mutant minigenes were transferred to a CaSpeR P-element transformation vector with a modified polylinker via KpnI and NotI.
P-element mediated transformation and transgene analysis
Transformation was carried out as described previously (Spradling 1986) with w 1118 flies and pTurbo as a transposase source. The endogenous regulatory region of the dorsal locus (see dorsal minigene above) confers line-independent wild-type levels of expression on dorsal cDNA as measured by rescue and protein levels from several independent lines (see Table 1 footnote). Transformant lines for each construct were isolated and crossed into the various backgrounds described to assess their in vivo effects on Dorsal function.
Cuticle preparations and antibody staining
Terminally differentiated embryos were collected, dechorionated in 50% bleach, devitellinized in methanol, fixed in acetic acid/glycerol (4:1), mounted in Hoyer's/lactic acid (1:1), and cleared overnight at 65°C as described (Wieschaus and Nü sslein-Volhard 1986) .
Embryo collections (0-3 hr) were fixed and stained with pooled anti-Dorsal monoclonal antibodies, 7A4-39 and 7F12-15 (Whalen et al. 1993) as described (Ashburner 1989) . To exactly compare nuclear import levels between wild-type, dorsal-null, and particular S-A mutant proteins, anti-Dorsal antibody stainings were done in parallel. The stainings were stopped when the wild-type embryos had developed sufficiently to visualize the Dorsal nuclear gradient well. In all cases, the parallel dorsalnull staining still showed little or no color. Representative embryos from each staining were chosen for all figures.
Dorsal phosphoform analysis and Cactus Western blots
Minigel PAGE was performed with a higher ratio of acrylamide to bisacrylamide (120:1, low-bis) to facilitate the separation of Dorsal phosphoforms (Whalen et al. 1993; Gillespie et al. 1994) . Approximately thirty 0-3 hr embryos or one pair of ovaries were used per lane. The dephosphorylated Dorsal was prepared by incubating wild-type extracts in EB without phosphatase inhibitors at 30°C for 60 min as described (Gillespie et al. 1994) .
